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Human embryonic lung fibroblasts (LU) can be productively infected with human cytomegalovirus (HCMV). During the
course of productive infection, the virus elicits a number of responses that resemble certain aspects of G1 cell cycle
progression. The virus activates cyclin E/Cdk2 kinase in both subconfluent, serum-arrested, and density-arrested cultures.
Activation of cyclin E-dependent kinase is due, in part, to induction of cyclin E and, in part, to inhibition of the cyclin kinase
inhibitors, Cip1 and Kip1. However, G1 progression is incomplete in HCMV-infected cells. Neither cyclin A nor cyclin D is
induced, and cellular DNA synthesis does not occur if one takes care to avoid addition of fresh serum to serum-starved
cultures. The data indicate that the virus induces a state of late G1 arrest, in which cyclin E/Cdk2 activates nucleotide
metabolism and other biosynthetic processes that are necessary for viral replication. Failure to activate host cell DNA
synthesis ensures that the virus will have uncompeted access to such precursors. q 1996 Academic Press, Inc.
INTRODUCTION tion. Some investigators have reported that complete (or
nearly complete) replication of the cellular genome at-
Human cytomegalovirus (HCMV)2 replication in vivo tends HCMV DNA synthesis in productively infected cells
occurs in terminally differentiated cells of epithelial and (Jault et al., 1995; St. Jeor and Hutt, 1977), leading to
endothelial origin (Weller, 1971). Viral replication in post- arrest of infected cells in a state that resembles G2 or
mitotic cells presents a particular set of problems. Since M phase of the cell cycle (Jault et al., 1995). Other investi-
many of the macromolecular biosynthetic pathways are gators have been unable to detect cellular DNA synthesis
stringently repressed in nondividing cells, successful vi- in cells that are replicating HCMV DNA and producing
rus replication requires activation of the cellular DNA virus progeny (DeMarchi, 1983; Albrecht et al., 1989).
synthetic machinery, including those pathways that are Thus, it is unclear to what extent HCMV is capable of
involved in biosynthesis of macromolecular precursors eliciting a complete mitogenic response, with activation
such as nucleotides, polyamines, etc. HCMV can elicit of cellular DNA synthesis and a significant increase in
many aspects of a mitogenic response in infected cells. host cell DNA content during productive infection. Reso-
The virus can activate the host cell DNA synthetic ma- lution of this controversy is essential to a more complete
chinery and evoke complete or near complete replication understanding of the virus life cycle. Furthermore, identi-
of cellular DNA in some cell lines (Albrecht et al., 1976; fication of viral gene products that either inhibit or stimu-
DeMarchi, 1983; Furukawa et al., 1975; Kamiya et al., late cellular DNA synthesis could provide important clues
1986). Paradoxically, many (perhaps all) of the cell lines as to how the virus overcomes mitotic quiescence.
that exhibit a complete cellular mitogenic response upon We have undertaken a series of experiments to resolve
viral infection cannot support replication of the viral ge- certain aspects of this controversy. Our objective was to
nome and undergo abortive infection (Albrecht et al., determine to what extent the virus stimulates cell cycle
1976; DeMarchi, 1983; Albrecht et al., 1989). There is progression from a G0 state through G1 and subsequent
controversy concerning the extent to which host cell DNA stages of the cell cycle in productively infected cells.
replication is stimulated during productive HCMV infec- These experiments were accomplished in human embry-
onic lung diploid fibroblasts (LU), which support produc-
tive HCMV infection (Albrecht et al., 1980a). Our studies1 To whom correspondence and reprint requests should be ad-
dressed. Fax: 409-772-5065. have focused upon activation of key regulatory factors
2 Abbreviations used: HCMV, human cytomegalovirus; Cdk, cyclin- that are known to govern the commitment to cellular DNA
dependent kinase; EMEM, Eagle’s minimum essential medium; FBS, replication. Specifically, we have undertaken to deter-
fetal bovine serum; CKI, cyclin kinase inhibitor; PAA, phosphonoacetic
mine to what extent the virus induces G1 cyclins andacid; PFU, plaque-forming units; CAD, carbamoyl phosphate synthe-
activates G1 cyclin-dependent kinase 2 (Cdk2). We havetase/aspartate transcarbamylase/dihydroorotase; TIFF, tagged image
format files. also ascertained to what extent such activation leads to
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replication of the host cell genome. We have compared taining 10% FBS, and the cells were incubated another
48 hr to ensure strict density arrest. The cells were thenthe effects of HCMV on subconfluent, growth factor-de-
prived cells which are capable of undergoing G0 r S infected with HCMV, mock infected, or stimulated with
10% FBS in fresh EMEM. Subconfluent or confluent cellsphase progression after serum stimulation and on den-
sity-arrested cells which are incapable of initiating DNA were harvested at intervals after HCMV infection, mock
infection, or serum stimulation. The cells were processedsynthesis after serum stimulation. The effects of the virus
have been contrasted with those of serum growth factors, for flow cytometry, Western blot analysis, immunofluores-
cence, DNA labeling, or histone H1 kinase assays, aswhich stimulate cell cycle progression by a mechanism
that is beginning to be fairly well understood (see Sherr, described below.
HCMV strain AD169 (passage 86) stocks were pre-1993, 1994, and references therein; Draetta, 1994).
We have determined that HCMV elicits many aspects of pared and infectivity was determined as described pre-
viously (Albrecht and Weller, 1980). Virus stock wasG1 progression in productively infected cells. The virus
causes robust activation of cyclin E/Cdk2 kinase, which is added to a calculated multiplicity of infection of 5 plaque
forming units (PFU)/cell. The virus inoculum or mock-consistent with progression from a G0 state to late G1 or
early S phase. This response can be demonstrated in cells infecting fluids were removed after 1 hr. For infection of
subconfluent cultures, the cells were maintained afterthat are refractory to mitotic stimulation by serum growth
factors. Activation of cyclin E/Cdk2 kinase is due in part to removal of the virus in the reserved ‘‘spent’’ serum-free
medium. For confluent cells, the virus inoculum andinduction of cyclin E and in part to changes in the abun-
dance of the Cdk2 inhibitors Cip1 and Kip1. Induction of mock-infecting fluids were removed and replaced with
warm EMEM containing 2% FBS. For mock infection, cellscyclin E and activation of cyclin E/Cdk2 are dependent
upon the expression of one or more HCMV-encoded genes. were exposed to mock-infecting fluids (Boldogh et al.,
1990) containing no virus particles for 1 hr. Purified, uv-Viral DNA synthesis occurs in HCMV-infected LU cells;
however, cellular DNA synthesis occurs to a very limited irradiated virus and HCMV-free supernatants were pre-
pared as described previously (Boldogh et al., 1990). Ex-extent, if at all, under these circumstances. Failure to initiate
host cell DNA replication may be due to failure to activate posure of cells to purified HCMV, uv-irradiated HCMV,
and HCMV-free supernatants was accomplished as de-cyclin A-dependent kinase, which may result from failure
to induce cyclin D. Our data are consistent with the conclu- scribed above for virus stock.
sion that the virus evokes a limited cell cycle response
Flow cytometryleading to a state that resembles late G1 arrest in produc-
tively infected cells. In contrast to the results that we have The cells were harvested by trypsinization at selected
obtained, Jault et al. (1995) reported that productive HCMV times after virus infection, mock infection, or serum stim-
infection stimulated host cell DNA synthesis and caused ulation. The cells were washed in PBS, collected by sedi-
human diploid lung fibroblasts to arrest in G2/M phase. The mentation, suspended in low salt buffer [3% polyethylene
differences between their results and ours are discussed in glycol, propidium iodine (5 mg/ml), 0.1% Triton X-100, 4
detail. mM sodium citrate, RNase A (100 mg/ml, added just be-
fore use)], and incubated 20 min at 377. High salt buffer
MATERIALS AND METHODS [3% polyethylene glycol, propidium iodine (5 mg/ml), 0.1%
Triton X-100, 400 mM NaCl] was added, and the cellsCell culture and virus infection
were maintained at 47 overnight. The cellular DNA con-
Human diploid embryonic lung fibroblasts (LU), devel- tent was analyzed using a Becton–Dickinson FACScan
oped in our laboratory (Albrecht et al., 1980a), passage flow cytometer.
12–20 were cultured in Eagle’s minimum essential me-
dium with Earle’s salts (EMEM) with 10% fetal bovine Isotopic labeling, isolation, and analysis of DNA
serum (FBS) and penicillin (100 units/ml)/streptomycin
Subconfluent, serum-arrested cells were pulse-la-(100 mg/ml) at 377 in a 5% CO2 atmosphere. To obtain
beled for 6 hr with 10 mCi/ml [3H]methyl-thymidine (52.74serum-arrested cultures, the cells were grown to 70 –
Ci/mmol). At the end of the pulse, the cultures were rap-80% confluence. The medium was then removed and the
idly frozen and thawed for two cycles to dislodge thecells were washed with warm, serum-free EMEM. After
cells. DNA was released and analyzed by isopycnic cen-washing, fresh, serum-free EMEM was placed on the
trifugation as described previously (Albrecht et al.,cells and the incubation continued for another 48 hr to
1980b).achieve growth factor arrest. After serum deprivation, the
serum-free medium was decanted and reserved. The
Western blotting
cells were infected with HCMV, mock infected, or stimu-
lated with 20% FBS in fresh EMEM. To obtain density- Cells were harvested by trypsinization, collected by
sedimentation, and lysed in NP-40 lysis buffer (50 mMarrested cultures, the cells were initially grown to conflu-
ence. The medium was replaced with fresh EMEM con- Tris, pH 7.4, 150 mM NaCl, and 0.5% NP-40, with 1 mM
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FIG. 1. Cell cycle analysis following productive HCMV infection. LU cells were synchronized by serum deprivation, as described under Materials
and Methods, and infected with HCMV for 1 hr. Thereafter, the viral inoculum was replaced with spent, serum-free media, with or without PAA.
The cells were harvested and stained with propidium iodine at intervals after infection, and the DNA content was determined by flow cytometric
analysis.
NaVO3 , 50 mM NaF, 1 mM PMSF, 1 mM DTT, 25 mg/ml for 24 hr. The cells were washed three times in PBS and
fixed in acetone:methanol (1:1) at 0207 for 10 min. Theleupeptin, 25 mg/ml trypsin inhibitor, 25 mg/ml aprotinin,
1 mM benzamide, and 25 mg/ml pepstatin A added just permeabilized cells were incubated with primary anti-
body diluted (1:100) in PBS for 1 hr at 377 in a humidifiedbefore use). Cellular debris was removed by sedimenta-
tion and the supernatant fluids were reserved. The pro- chamber. After two washes in PBS for 15 min, the cells
were incubated with a secondary antibody (affinity-puri-tein concentration was determined by the method of
Bradford (Bradford, 1976). Equal amounts (40 mg) of pro- fied, goat anti-mouse FITC-conjugated IgG) for 30 min.
The excess conjugate was removed by washing the cellstein were resolved by electrophoresis in the presence
of SDS on 10–12.5% polyacrylamide gels (SDS–PAGE). in PBS for 30 min. After drying, the cells were mounted
in PBS/glycerol (1:1) and examined with the aid of a ZeissProteins were transferred to nitrocellulose membrane
(Bio-Rad) and probed with antibodies (Santa Cruz Bio- Photomicroscope III using a 40/1.0 Neofluar lens. Images
were photographed on Kodak Ektachrome Elite 400 colortechnology). Immunoreactive proteins were detected by
the ECL chemiluminescent system (Amersham), and spe- slide film.
cific bands were quantified by densitometry (Applied Im-
Histone H1 kinase assayaging Lynx 5000).
Kinase assays were accomplished as described pre-
Indirect immunofluorescence viously (Dulic et al., 1992). Briefly, aliquots containing 150
mg of protein were incubated with antibody for 2 hr atCultures, grown to confluence on glass coverslips,
were treated with stock HCMV or uv-irradiated HCMV 47. The antibodies were then precipitated using protein
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TABLE 1
Cell Cycle Distribution Following HCMV Infection
Hours after treatment
Percentage cells
Treatment in phasea 0 24 48 72
HCMV b G0/G1 93.3 (1.2) 91.9 (0.3) 94.5 (2.2) 74.8 (3.9)
S 1.6 (0.2) 1.6 (0.6) 3.8 (1.3) 25.1 (3.9)
G2/M 5.1 (1.0) 6.5 (0.3) 1.8 (1.0) 0
HCMVb / PAAc G0/G1 93.3 (1.2) 97.2 (0.4) 97.1 (0.8) 97.2 (0.3)
S 1.6 (0.2) 0.9 (0.1) 1.5 (0.4) 1.9 (0.3)
G2/M 5.1 (1.0) 1.9 (0.3) 1.3 (0.4) 0.9 (0.1)
a The percentage of cells in G0/G1, S, or G2/M of the cell cycle was determined following HCMV infection of subconfluent LU cells in the absence
(HCMV) or presence of phosphonoacetic acid (HCMV / PAA). The data represent the average of three experiments with standard deviation shown
in parentheses.
b 5 PFU/cell.
c 100 mg/ml.
A-Sepharose beads. The pellets were washed three of infected cells began to increase within 48 hr, and a
substantial number of cells with2 N DNA content weretimes with NP-40 lysis buffer, followed by washing three
times with 21 kinase buffer (40 mM Tris–HCl, pH 7.5, 8 observed 72 hr after infection. Contrary to the observa-
tions of Jault et al. (1995), we observed no significantmM MgCl2). Kinase reactions were undertaken in tubes
containing the precipitates in a total volume of 5 ml, which accumulation of cells with anything approaching a 4 N
DNA content, even at 96 hr after infection (data notincluded 3 ml 21 kinase buffer containing 2.5 mg histone
H1 (Gibco BRL) and 2 ml (4 mCi) [g-32P]ATP (10 Ci/mmol, shown). No increase in DNA content was observed in
mock-infected cells (data not shown). When confluentDupont NEN) at 377 for 30 min. The reaction was stopped
cultures were infected with HCMV, the results were es-by adding 5 ml 21 sample buffer and boiling for 5 min.
sentially identical to those shown in Fig. 1A (data notEach sample was then separated by SDS–PAGE. The
shown).gels were dried and exposed to Kodak XAR-5 film. Spe-
LU cells are productive for HCMV infection (Albrechtcific bands were quantified by densitometry.
et al., 1980a), so the increase in DNA content that one
Image processing observes after HCMV infection must, at least in part, be
due to viral DNA replication. The relative contributions
All experiments were repeated at least twice, and rep- of viral and cellular DNA synthesis in productively in-
resentative data were selected for presentation. Chemi- fected cells were initially analyzed using phosphonoace-
luminescent samples were exposed for intervals that en- tic acid (PAA), which, at a concentration of 100 mg/ml
sured linearity of response, as determined by standard- (0.75 mM), blocks viral DNA replication in human lung
ization. All radiographic films were analyzed using the fibroblasts with little or no effect on cellular DNA synthe-
Applied Imaging Lynx 5000 digital workstation with Lynx sis or population doubling times of uninfected cultures
V5.5 software. The images were quantified and recorded (Huang, 1975). Expression of the viral late antigen pp28
as tagged image format files (TIFF). The TIFF were used requires replication of the HCMV genome (Depto and
to prepare the graphic images shown below. Stenberg, 1992; Re et al., 1985; Meyer et al., 1988), and
pp28 expression could not be detected at any time be-
RESULTS tween 24 and 96 hr after infection of LU cells in the
presence of PAA. However, when cells were infected inCellular and viral DNA synthesis during productive
the absence of PAA, antibodies against pp28 producedHCMV infection
intense immunofluorescence beginning 24 hr after addi-
Our initial objective was to determine if HCMV pro- tion of the virus (data not shown). The observation that
motes cellular DNA synthesis in productively infected PAA inhibits pp28 expression is consistent with the con-
cells. The DNA content of HCMV-infected, serum-ar- clusion that the inhibitor blocks viral DNA replication.
rested, subconfluent LU cells was analyzed by flow cy- The specificity of PAA was confirmed by measuring cellu-
tometry to determine to what extent productively infected lar DNA content after serum stimulation of quiescent LU
cells initiate DNA synthesis. The results of a representa- cells in the presence and absence of PAA. About 68% of
tive experiment are shown in Fig. 1A, and quantitative serum-starved LU cells entered S, G2, or M phase within
data are given in Table 1. Infected cells maintained a 2 24 hr after addition of serum in the absence of the inhibi-
tor. When cells were stimulated with serum in the pres-N DNA content for 24 hr after infection. Total DNA content
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of cellular DNA synthesis could be detected during the
first few hours after viral infection (circles, dotted line).
(Note that labeling of cellular and viral DNA corresponds
to different scales in Fig. 2.) Even this very low level of
thymidine incorporation ceased within about 24 hr after
infection. Viral DNA synthesis began within 24 hr after
infection (squares, solid line). Labeling of viral DNA in-
creased thereafter and reached a maximum 72 hr after
infection. Integration of the data in Fig. 2 reveals that
viral DNA contained 98% of the radioactivity recovered
during the course of viral infection for 72 hr. These data
unambiguously indicate that HCMV does not activate cel-
lular DNA replication during productive infection. Indeed,
the data in Fig. 2 suggest that HCMV inhibits cellularFIG. 2. Kinetics of viral and cellular DNA synthesis during HCMV
DNA synthesis during productive infection. This hypothe-infection. Cells were labeled for 6-hr pulses, and tritium-labeled HCMV
and cellular DNA were resolved by centrifugation on isopycnic CsCl2 sis was confirmed by the observation that HCMV pro-
gradients. Fractions were collected from the bottom of the gradient, so foundly inhibited [3H]thymidine incorporation into cellular
that buoyancy is inversely related to fraction number. Labeled DNA DNA during infection of cultures in mid log phase growth
was quantified by liquid scintillation. Note that different scales are used
(data not shown).for viral (squares, solid line) and cellular DNA (circles, dotted line).
The data shown in Figs. 1 and 2 are at variance with
a recent report that HCMV-infected cells replicated their
genome and arrested with a G2 DNA content (Jault etence of PAA, about 57% of the cells were in S, G2, or M
phase within 24 hr. These data indicate that, under the al., 1995). The difference between their conclusions and
ours rests, in part, with their use of a procedure thatconditions employed in these experiments, PAA is a spe-
cific inhibitor of viral DNA synthesis. does not discriminate between viral and cellular DNA
synthesis. A more significant difference arises from dif-Having confirmed the specificity of PAA as an inhibitor
of viral DNA replication, we proceeded to analyze the ferences in infection protocols. Theirs involves addition
of fresh serum, along with virus, to subconfluent, serum-DNA content of LU cells as a function of time after HCMV
infection of subconfluent cells in the presence of PAA. starved cells. The mitotic stimulation that results is evi-
denced by activation of host cell DNA synthesis in theirAs shown in Fig. 1B, there was no detectable increase
in DNA content, under these circumstances. This obser- mock-infected cultures and probably accounts for any
increase in host cell DNA content that may have occurredvation indicates that the increase in total DNA content
that one observes after viral infection depends upon viral during viral infection. The data shown in Figs. 1 and 2
indicate that if one takes care to avoid the addition ofDNA synthesis and is consistent with the hypothesis that
all or most of the DNA that is synthesized after viral serum to subconfluent, serum-starved cultures, then the
vast majority of the DNA synthesis that one observesinfection is viral DNA.
The inhibitor studies shown in Fig. 1 indicate that viral during productive infection is due to viral DNA replica-
tion.DNA synthesis is necessary for the increased DNA con-
tent that is observed in HCMV-infected LU cells. How-
ever, this observation does not rule out the possibility Activation of cyclin E/Cdk2 kinase in HCMV-infected
that viral late gene products may induce host cell DNA cells
synthesis; PAA may block the accumulation of these hy-
pothetical viral gene products and indirectly inhibit syn- Jault et al. (1995) also reported that HCMV infection
activated cyclin E/Cdk2 kinase, but we were concernedthesis of cellular DNA. Metabolic labeling of cellular and
viral DNA was used to discriminate between these alter- that this effect might also be due to serum stimulation
of serum-starved, subconfluent cultures, rather than virusnatives.
Serum-arrested, subconfluent LU cells were infected infection. Consequently, we undertook to measure as-
pects of cyclin E/Cdk2 activation in HCMV-infected LUwith virus. The cells were pulse-labeled with [3H]-
thymidine for 6-hr intervals after infection, and total DNA cells. Cyclin E protein was induced within 12 hr after
infection (Fig. 3A). The effect of the virus was significantlywas extracted at the end of the labeling pulse. Cellular
and viral DNA were resolved by density equilibrium cen- more robust than that of serum growth factors. Cyclin E
protein was induced 10-fold by HCMV and never moretrifugation, and incorporation of labeled thymidine into
DNA of the appropriate densities was measured as a than 5-fold by serum. Contrary to the results obtained by
Jault et al. (1995), we observed no significant inductionfunction of time after viral infection. The results are
shown in Fig. 2. Although the cells used in these experi- of cyclin E in mock-infected cells (Fig. 3A), demonstrating
that our infection protocol does not result in serum-de-ments were arrested by serum deprivation, a low level
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FIG. 3. Cyclin E, Cdk2, Cip1, and Kip1 abundance and cyclin E kinase activity after infection of serum-arrested, subconfluent cells. LU cells were
growth arrested by serum deprivation. The cells were then infected with HCMV, mock infected, or serum stimulated. Cell lysates were prepared at
intervals, and 40 mg of protein from each was resolved by SDS–PAGE. The proteins were transferred to nitrocellulose and probed with antibodies
against cyclin E (A), Cdk2 (B), Cip1 (D), or Kip1 (E). The lane identified as ML contains an aliquot of an extract prepared from asynchronous, mid
log cells. Cyclin E-associated histone H1 kinase activity was also determined (C). All of these measurements were carried out in the same series
of extracts, as described under Materials and Methods. The experiments were repeated twice, and the data shown in F represent the average of
two experiments in which the abundance of cyclin E (CcnE), Cdk2, Cip1, and Kip1 and cyclin E kinase activity (Kinase) were measured during the
first 24 hr after HCMV infection. For the sake of clarity, the data points have been omitted from F.
pendent mitotic stimulation which might complicate inter- ingly, we measured the effects of HCMV on expression
of the two principle Cdk2 inhibitors, Cip1 and Kip1. Aspretation of the results of viral infection.
Serum stimulation of subconfluent, serum-starved LU shown in Fig. 3D, the abundance of Cip1 decreased rap-
idly after infection of subconfluent cells. Serum stimula-cells caused a 2-fold increase in Cdk2 abundance (Fig.
3B), whereas neither the virus nor mock infection induced tion increased Cip1 expression, as previously reported
by others (Li et al., 1994; Nakanishi et al., 1995). HCMVthe catalytic partner of cyclin E. The activity of cyclin E/
Cdk2 kinase increased over 100-fold after HCMV infec- infection also inhibited expression of Kip1 (Fig. 3E), al-
though the rate of inhibition was less rapid than thattion, as evidenced by the ability of cyclin E immunopre-
cipitates to phosphorylate histone H1 (Fig. 3C). The effect observed for Cip1.
Figure 3F contains the quantitative representation ofof serum was less dramatic, although the activity of cyclin
E-associated histone H1 kinase increased about 20-fold the rates of induction of cyclin E, activation of cyclin E-
associated kinase, and inhibition of the cyclin kinaseafter serum stimulation of subconfluent cells (Fig. 3C).
Mock infection had no effect on cyclin E/Cdk2 activity. inhibitors during the first 24 hr after infection. The kinetics
of kinase activation lag behind those of cyclin E induc-We noted that the kinetics of induction of cyclin E did
not precisely correlate with those of activation of the tion, suggesting the existence of a cyclin kinase inhibitor
threshold. This threshold is overcome about 12 hr aftercyclin E-dependent kinase in HCMV-infected cells. For
example, cyclin E protein reached 80% of maximum ex- infection, as the expression of Cip1 decreases rapidly.
Kip1 expression is reduced no more than 50% in 24 hr;pression within 12 hr after infection, whereas cyclin E-
associated histone H1 kinase activity was only about nevertheless, a small decrease in the amount of such
an inhibitor may have a significant effect if activation of10% of maximum at this time (Fig. 3C). This observation
suggested that activation of cyclin E kinase might be Cdk2 is precluded until the binding capacity of both Cip1
and Kip1 is exceeded. Likewise, the transitory increaseconstrained by a cyclin kinase inhibitor threshold (see
Sherr and Roberts, 1995; Elledge and Harper, 1994; in Cip1 that we routinely observe after addition of the
virus may be significant in terms of setting a higher cyclinHunter and Pines, 1994, and references therein). Accord-
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FIG. 4. Cyclin E, Cdk2, Cip1, and Kip1 abundance and cyclin E kinase activity after infection of density-arrested cells. LU cells were growth
arrested by contact inhibition as described under Materials and Methods. The cells were then HCMV infected, mock infected, or serum stimulated.
Cell lysates were prepared at intervals after treatment, and 40 mg of each lysate was resolved by SDS–PAGE. The proteins were transferred to
nitrocellulose and probed with antibodies against cyclin E (A), Cdk2 (B), Cip1 (D), or Kip1 (E). Cyclin E-associated histone H1 kinase activity was
also determined, and these data are shown in C. F represents the mean of two experiments in which the abundance of cyclin E (CcnE), Cdk2,
Cip1, and Kip1 and cyclin E kinase activity (Kinase) was measured after infection.
kinase inhibitor threshold during the first few hours after fluent cells (Fig. 4F) and closely paralleled activation of
cyclin E-associated kinase activity. The data shown ininfection.
HCMV has in common with serum growth factors the Figs. 3F and 4F suggest that the kinetics of activation of
cyclin E/Cdk2 kinase are strongly influenced by inhibitionability to activate key G1 progression factors in quies-
cent, subconfluent cells. However, the normal cellular of Cip1 in HCMV-infected cells. Inhibition of Kip1 expres-
sion may contribute to a lesser extent.targets of HCMV are not subconfluent cells. It is known
that contact-arrested cells are recalcitrant to serum
growth factor stimulation of G1 progression, and we felt HCMV gene expression and cyclin E-dependent
that it was essential to determine if HCMV was able to kinase activation
activate G1 progression in such cells. Obviously, none
of the effects that we and Jault et al. (1995) have de- Cell cycle progression could be due to a direct effect
of HCMV gene products. Alternatively, the effects thatscribed would have any significance if they cannot be
demonstrated in confluent cultures. As shown in Fig. 4, we have observed could be due to cellular factors elabo-
rated by the cells that were used to propagate the virusHCMV induced cyclin E (Fig. 4A) and activated cyclin E-
associated histone H1 kinase (Fig. 4C) with little or no and therefore present in the viral inoculum. The experi-
ments shown in Fig. 5 were undertaken to discriminateeffect on Cdk2 expression (Fig. 4B). As one would predict,
serum had no significant effect on any of these parame- among these alternatives. Initially, we determined that
uv irradiation of the virus blocked induction of cyclin Eters in contact-inhibited cells (Figs. 4A–4C). Peak induc-
tion of cyclin E occurred 24 hr after infection (Fig. 4A) of (Fig. 5A) and activation of cyclin E/Cdk2 (Fig. 5B). Under
the conditions employed in this experiment, the extent ofconfluent cultures, whereas maximum activation of cyclin
E/Cdk2 kinase was observed at 48 hr (Fig. 4C). As was irradiation was sufficient to inactivate detectable HCMV
gene expression (Boldogh et al., 1990). As shown in Fig.the case with subconfluent cells, activation of Cdk2 at-
tended inhibition of cyclin kinase inhibitor expression. 5C, no immediate early gene expression was detected
when cells were infected with virus that had been irradi-Both Cip1 and Kip1 were inhibited in HCMV-infected cells
(Figs. 4D and 4E, respectively). The kinetics of inhibition ated for 30 min. This observation indicates that expres-
sion of HCMV genes is necessary for G1 progression.were somewhat slower than those observed in subcon-
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kinase activity increased after HCMV infection of subcon-
fluent serum-arrested cells (Fig. 6A), although addition
of fresh serum to subconfluent, serum-arrested cells in-
duced both cyclin A protein and cyclin A-associated ki-
nase activity (Fig. 6A). Neither HCMV nor fresh serum
induced cyclin A protein expression or cyclin A-associ-
ated kinase activity in density-arrested cells (Fig. 6B).
Induction of cyclin D1 is known to be essential for
activation of host cell DNA synthesis in fibroblasts (Bal-
din et al., 1993; Resnitzky and Reed, 1995; Quelle et al.,
1993) and one of the roles of cyclin D-dependent kinase
is to activate transcription of the cyclin A promoter
(Schulze et al., 1995). The observation that HCMV-in-
fected fibroblasts neither initiate DNA synthesis nor in-
duce cyclin A suggested that the virus might fail to induce
the D-type cyclins. We measured the abundance of cyclin
D1 and its catalytic partner Cdk4 after HCMV infection
of confluent cells, as shown in Fig. 6C. Cyclin D1 was
not induced by the virus. Rather, the abundance of cyclin
D1 decreased at about the time that cellular DNA synthe-
sis stopped and viral DNA synthesis commenced (Fig.
2). The expression of Cdk4 did not change during the
FIG. 5. HCMV gene expression, induction of cyclin E, and activation
of cyclin E-dependent kinase. Density-arrested LU cells were infected
with stock HCMV, HCMV that had been uv-irradiated for 30 min, purified
HCMV, or virus-free supernatant prepared from the virus stock. The
procedures for virus purification and irradiation are described under
Materials and Methods. After 24 hr, the cells were harvested and as-
sayed for cyclin E abundance (A) or cyclin E-associated kinase activity
(B). Inhibition of viral gene expression by uv irradiation was confirmed
using monoclonal antibody 810 (Chemicon) which recognizes HCMV
IE proteins (C), as described under Materials and Methods.
Highly purified HCMV was capable of inducing cyclin E
(Fig. 5A) and cyclin E-associated histone kinase activity
(Fig. 5B), whereas the supernatant fractions prepared
from the viral inoculum had no effect. This observation
indicates that soluble factors in HCMV stocks were not
responsible for induction of cyclin E or activation of cyclin
E-dependent kinase. The data in Fig. 5 indicate that viral
gene expression is necessary to activate cyclin E-depen-
dent kinase.
Induction of cyclin A and cyclin D during productive
HCMV infection
Cyclin A, like cyclin E, can activate Cdk2 in late G1,
and Jault et al. (1995) reported that HCMV activates cyclin
A kinase in subconfluent cultures of human lung fibro-
FIG. 6. Cyclin A and cyclin D1 expression. Serum-arrested, subconfluentblasts. We measured cyclin A abundance and cyclin A-
cells (A) or density-arrested, confluent cells (B) were infected with virusdependent kinase activity after HCMV infection of sub-
or stimulated with serum. Cell lysates were prepared and assayed for the
confluent, serum-arrested LU cultures, as well as conflu- abundance of cyclin A and activity of cyclin A-associated kinase. The
ent, density-arrested cells. The results are summarized abundance of cyclin D1 and Cdk4 was also determined following HCMV
and mock infection of density-arrested LU cells (C).in Fig. 6. Neither cyclin A protein nor cyclin A-associated
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course of viral infection. Similar results were obtained activation of cyclin E/Cdk2 kinase reflects the length of
time required to accumulate sufficient complex to exceedwith subconfluent cultures (data not shown).
the CKI threshold. The virus also inhibits the expression
of both Cip1 and Kip1, which decreases the cyclin kinaseDISCUSSION
inhibitor threshold and permits cyclin E/Cdk2 complexes
to remain active at later times during infection when theThe early events that occur after HCMV infection share
many aspects in common with the cellular response that amount of cyclin E is actually decreasing. Maximum viral
DNA synthetic activity occurs about 72 hr after infection,is provoked by addition of growth factors to serum-
starved cells (reviewed in Albrecht et al., 1992), and the and persistent activation of cyclin E/Cdk2 may serve to
ensure that activation of precursor biosynthetic pathwaysdata suggest that the virus elicits a general pattern of
cellular activation that is characteristic of cell division is sustained during the most active period of viral DNA
replication.cycle progression through late G1. As do serum growth
factors, HCMV induces cyclin E and activates cyclin E In many respects, HCMV and serum growth factors
exhibit similar effects upon cell cycle progression. How-kinase. The virus likewise promotes hyperphosphoryla-
tion of the retinoblastoma susceptibility gene product, ever, important differences were also noted. One of the
most striking differences has to do with replication ofpRb (Jault et al., 1995, and unpublished data from our
laboratory). Since neither cyclin D nor cyclin A are in- cellular DNA. HCMV-infected cells exhibit a significant
increase in total DNA content, but this increase in DNAduced by HCMV, it is likely that phosphorylation of pRb
is due to cyclin E/Cdk2 kinase. Phosphorylation of pRb content is due almost entirely to accumulation of viral
DNA. Our conclusions, in this respect, differ from thoseby Cdk2 releases, and thereby activates, a large number
of cellular transcription factors, of which members of the reached by another group, who reported that productive
HCMV infection caused replication of the cellular ge-E2F family are prototypic (Farnham et al., 1993; Nevins,
1992). E2F family members stimulate transcription of a nome and G2/M arrest (Jault et al., 1995). However, this
conclusion was based upon the results of flow cytometrylarge number of genes, including nucleotide biosynthetic
genes such as dihydrofolate reductase, thymidine ki- analyses, which cannot discriminate between viral and
cellular DNA. We are also confident that many of thenase, thymidylate synthase, and ribonucleotide reduc-
tase (see Ohtani et al., 1995, and references therein). discrepancies between their results and ours have to do
with the fact that their infection protocol involved pro-Dihydrofolate reductase and thymidine kinase are known
to be induced by HCMV (Wade et al., 1992; Estes and longed exposure of serum-starved, subconfluent cells to
serum growth factors that were present in the mediumHuang, 1977). In the case of dihydrofolate reductase,
activation by HCMV requires E2F in combination with an that they used to maintain the cells after viral infection.
For example, they observed induction of cyclin E andHCMV immediate early gene product IE72 (Margolis et
al., 1995). HCMV also activates c-myc (Boldogh et al., cyclin A, as well as cell cycle progression from G0 into
S phase, in mock-infected cells. These observations are1990; Monick et al., 1992; Colberg-Poley and Santo-
menna, 1988), which may be a target for E2F transcription entirely consistent with serum stimulation of growth fac-
tor-deprived, subconfluent cells. Our protocol involvesfactors under some conditions (Hamel et al., 1992). c-
MYC, in turn, activates the genes encoding ornithine de- maintenance of infected subconfluent cells in serum-
free, spent medium. This procedure precludes serumcarboxylase (Bello-Fernandez et al., 1993), leading to
polyamine synthesis, and carbamoyl phosphate synthe- stimulation, and neither induction of G1 cyclins, nor acti-
vation of cellular DNA synthesis, nor cell cycle progres-tase/aspartate transcarbamylase/dihydroorotase (CAD)
(Miltenberger et al., 1995), which catalyzes the committed sion was observed in mock-infected cells under the con-
ditions that we have employed. We have taken great carereaction in pyrimidine biosynthesis. All of these re-
sponses are characteristic of the late G1/early S phase to avoid such complications as are likely to result from
simultaneous infection and serum stimulation of subcon-transition. Stated another way, all of these responses to
HCMV serve to prime the cell for DNA synthesis. fluent cells. Furthermore, we have extended our studies
to include density-arrested cells, which are refractory toHCMV induction of cyclin E-dependent kinase activity
is due, at least in part, to an increase in the abundance serum growth factors, but not to viral infection.
The absence of cellular DNA synthesis in HCMV-in-of cyclin E protein. However, cyclin E/Cdk2 kinase is
activated later and remains activated longer than one fected cells could be due to viral inhibition of some es-
sential pathway that leads to S phase. Alternatively, themight expect if its activity were a simple function of cyclin
E abundance. The delay in activation of cyclin E/Cdk2 virus may selectively activate pathways that lead to acti-
vation of precursor biosynthesis, while failing to activateand the persistence of kinase activity appear to be due
to the effects of the two major Cdk2 inhibitory subunits, pathways that lead to host cell DNA replication. It will
ultimately become important to discriminate betweenCip1 and Kip1. Cip1 and Kip1 are abundant in serum-
and density-arrested LU cells, and it is probable that the these alternatives, as each has important mechanistic
implications for both viral and cellular DNA synthesis,lag that one observes between induction of cyclin E and
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but our data do not provide any cogent insight as to al., 1995; Hagemeir et al., 1994) are consistent with the
hypothesis that the virus expresses genes that subvertwhich specific mechanism the virus employs. On the
other hand, our data strongly suggest that failure to in- the normal cell cycle machinery in postmitotic cells. Elu-
cidation of the molecular details of these processes mayduce cyclin A and consequent failure to activate cyclin
A-dependent kinase may be the proximal impediments provide new insight into viral DNA replication, malignant
transformation, and regulation of the cell cycle in differen-to host cell DNA synthesis in HCMV-infected cells. There
is abundant evidence to support the proposition that in tiated cells. Furthermore, a more thorough understanding
of the molecular mechanisms that underlie the life cyclefailing to activate cyclin A, a cell will not replicate its
DNA (Resnitzky et al., 1995; Girard et al., 1991). It has of HCMV may lead to new means of therapeutic interven-
tion.been reported that cyclin D activates the cyclin A pro-
moter (Schulze et al., 1995), and it is possible that failure
to induce cyclin A may be secondary to failure of the ACKNOWLEDGMENTS
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